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statistical summaries (i.e., daily, monthly, and annual). Less attention has been given to variability in microclimate or to the differences among microclimatic patterns across spatial and temporal scales. In this article, we present microclimatic characteristics associated with the structure of forest ecosystems and landscapes. We synthesize the variability of microclimate related to major management practices in patches of interior forest, across the edges of forest clearcuts (Figure 2) , through riparian buffers (Figure 3) , within different management units (e.g., green-tree retention, or partial cut, during which 5-60 live trees per hectare are retained after logging; Figure 2 ), and across entire landscapes in the Pacific Northwest, northern Wisconsin, and southeast Missouri. We discuss the importance of monitoring multiple microclimatic variables when characterizing the physical environment, and we demonstrate how these measurements can be used to monitor and compare changes among landscapes and under varying management regimes.
Variability of microclimate in forested landscapes
The importance of understory microclimate for production in the overstory canopy, for the distribution of understory species, and for the maintenance of belowground processes is well documented (Geiger 1965) . For example, short-lived sun flecks (i.e., those lasting an average of 6-12 minutes) can provide from 37% to 68% of the total seasonal photosynthetically active radiation in temperate hardwood and coniferous forests (Canham et al. 1990 ). Both horizontal and vertical gradients in photosynthetically active radiation influence the development of understory vegetation and its spatial distribution (Chazdon 1986, Brandani et al. 1988). However, the role and importance of microclimate vary widely among forests over time and under different weather conditions. For example, in lowland tropical forests, the percentage of understory radiation that comes from sun flecks is substantially lower in the wet season than the dry season (Smith et al. 1992 ). However, seasonal effects on light environment seem less pronounced in other forest ecosystems, such as Australian rainforests (both temperate and tropical), which have largely deciduous, multilayered canopies (Lowman 1986 ).
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Microclimatic variables, particularly solar radiation, air temperature at the ground surface (hereafter referred to as surface temperature), and soil temperature, are highly sensitive to changes in the overstory canopy and exhibit relatively high spatial and temporal variability within a forest (Reifsnyder et al. 1971, Chen and Franklin 1997) . Diurnal patterns of shortwave radiation ( Figure 4a ) and air temperature (2 m above the ground; Figure 4b ) after three different types of canopy removals-clearcut, dispersed retention (i.e., partial cut), and aggregated retention (patch) harvesting (see also Figure 2 )-are clearly different from those in intact, mature Douglas-fir (Pseudotsuga menziesii) forests. The influence of silvicultural treatments also differs among climatic variables; a new environment, characterized by a distinct combination of climatic responses, is created by altering canopy structure. For example, in one study of Douglas-fir forests in Washington, air temperature did not differ distinctly among clearcut, partial cut, and aggregated harvesting sites (Figure 4b ), whereas patterns in light levels were unique at all sites (Figure 4a ). Relative humidity, wind speed, and air temperature all responded similarly to har- ation can provide insights into ecological phenomena (e.g., soil respiration, flowering, and seed production) and the dynamics of species or individuals (e.g., wildlife dispersal and foraging behavior). The dynamics of these patterns in microclimatic variation are distinct from the dynamics of microclimatic mean values in both the Douglas-fir and oak forest systems. Thus, it is important to select the appropriate metric for any ecological phenomenon under study. For example, the significant differences in diurnal air temperature between the interior forest and harvested stands (Figure 4b) will not be clear when daily means are used because forest temperatures are lower in the day and relatively warmer at night (see also Reifsnyder et al. 1971 ). Mean air and soil temperatures usually reach their minima before sunrise and their maxima in the mid-or late afternoon, depending on geographic location, position in the landscape, and overstory structure. Variabilities in air and soil temperatures are also greater during the day than at night, and variation is greatest in the mid-morning and/or the late afternoon, with twin-peak patterns for temperature and moisture (Chen and Franklin 1997). At broader temporal scales (i.e., weeks or months), microclimatic variation within forest canopies is not always related directly to daily weather extremes; instead, especially in the spring and autumn, it may be related to dramatic weather changes For ex-.......... ....... ....... .......... --------------------------------------in either of their interiors because of  ..... .------------------- ---------------------------------------------(e.g., in tropical premontane 
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and desiccation -------------------------------------------------------------(Essen 1994). Low humidity near
edges can reduce production of bio-...... Harvesting riparian forests also affects microclimatic variables other than stream temperature. Before harvesting, stream and riparian environments in Washington are generally characterized by cool air and soil temperatures, high humidity, and low wind speed relative to forest interior conditions in the upland (Figure 7) . These conditions extend approximately 50 m from the stream before they change to approximate the environment of the upland forest. Following clearcutting, the riparian microclimate shifts to approximate clearcut values rather than forest interior conditions (Brosofske et al. 
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Importance of scaling
The microclimatic environment and its relative importance for driving biological processes vary with temporal and spatial scales because ecosystem structure and function are scale dependent (Meentemeyer and Box 1987 
Conclusions and implications
Scientists traditionally use microclimatic information to explain the behavior, distribution, development, and movement of organisms in natural systems. 1996) . However, at the local (i.e., stand) scale, the impact of a management unit-for example, a clearcut-on microclimatic conditions will be similar at different locations. However, characteristics of adjacent stands will influence climatic conditions at the landscape scale. Roads and other landscape features can also influence microclimate at broad scales (i.e., at more than 100 m resolution), depending on the vegetation and topography of the patch types that they border (Saunders et al. 1998 ). As ecologists become more aware of the importance of scaling in studying biological responses, there is a need to examine microclimatic characteristics concurrently at multiple scales and to consider cumulative effects, rather than to simply assess the importance of microclimate independently at each scale.
Traditional climatic summaries can frequently be misleading, depending on research objectives and the microclimatic variables of interest. When undertaking any study of climate or climate-structure relationships, it is essential to recognize that microclimate is temporally and spatially variable; that microclimate has distinct spatial characteristics at multiple scales, corresponding to unique structural components of the landscape-within patch, between patches, through ecotones, and across the landscape; and that microclimatic environments and patterns across landscape elements are highly specific to an ecosystem due to differences in landform, species composition, and structure among ecosystems.
Empirical studies within patches and across patch boundaries suggest that landscape structure can also be defined and delineated using microclimate information. 
